Arbuscular mycorrhizal (AM) fungi play an important role in protecting host plant against phytotoxic aluminum (Al) in soil. The aim of this work was to analyze the effect of AM fungi native from acid soil on the growth of four Al-tolerant wheat (Triticum aestivum L.) genotypes. A greenhouse experiment was conducted using three near isogenic Chilean wheat genotypes ('Crac', 'Invento' and 'Otto') and one of recognized Al-tolerance ('Atlas 66') which were grown in an acid Andisol with 34% Al-saturation. The plant dry biomass and root colonization were determined at six early growth stages and AM spore density, glomalin (as GRSP) and acid phosphatase (P-ase) activity were analyzed at two stages; i) 11 days after sowing -DAS-, and at 60 DAS. Results showed that in all genotypes AM root colonization was not inhibited in spite of high soil Al saturation in the soil and a significant root colonization degree was observed at the first phenological stage mainly in the native wheat genotypes. Also, 'Crac' and 'Invento' genotypes showed the highest densities of AM spores and GRSP production. All wheat cultivars increased the P-ase activity overtime. Root biomass correlated positive and significantly with root colonization (r=0.71; P<0.001) and inversely with AM spores (r=-0.61; P<0.001). 'Atlas 66' showed a high adaptability to grow in acid conditions but produced the lesser amounts of AM propagules, which suggest that this genotype would show Al-tolerance mechanisms not fully associated to AM symbiosis as the Chilean wheat cultivars do. In conclusion, the higher early root colonization, AM spores and GRSP production associated to native wheat genotypes could indicate that AM symbiosis play a principal role in the Al tolerance capacity of T. aestivum developed in those soils with high Al levels and fungal native populations adapted to this conditions.
Introduction
Plant growth in acidic soils is limited by low levels of available phosphorus (P) and the high presence of phytotoxic aluminum (Al 3+ ), which causes deleterious effects on plant physiology and growth (Fageria and Baligar, 2008) . There are several mechanisms to alter the chemical form and toxicity of Al in the environment and/or function within plant cells to reduce the negative effects of Al on plant metabolism (Kochian et al., 2004) . In this sense, sufficient genetic variation in Al-tolerance has been reported among wheat cultivars (Raman et al., 2005; Liu et al., 2015) .
In relation to the alleviation of these abiotic stresses is where the AM association plays an important role in acid soils, through the interaction Al-P in colonized roots (Marschner, 1995) , an improvement of nutrient absorption (Borie and Rubio, 1999; Lux and Cumming, 2001; Cornejo et al., 2008; Barea, 2015) or through kidnapping the Al by an enhancement of root organic acid excretion (Klugh-Stewart and Cumming, 2009) and glomalin related soil protein (GRSP) production by AM fungal structures (Aguilera et al., 2011 , Seguel et al., 2013 2015) . In the case of acidic soils and/or soils with elevated Al levels, there is a variation in the response of AM fungi ecotypes potentially Al tolerant in association with the different host plants which is related to differences in sensitivity of life stage events, such as spore germination, germ tube growth, hyphal growth, root colonization and persistence (Klugh and Cumming, 2007) . These variations can do the difference in the Al tolerance of different wheat genotypes grown under these conditions. Across many studies of AM development in plants exposed to Al, there is a tendency for fungal colonization to be unaffected or increase of host roots, although some fungal species/isolates do exhibit reductions in colonization in response to Al in the environment (Seguel et al., 2015) . Therefore, there is not a consensus of the degree of Al tolerance in host plants in relation to levels of root colonization in the long term. However, an early AM colonization positively affects the development of the plant grown under these conditions by improving the acquisition of water and nutrients in the first growth stages of the plant and will lead to a better response against this abiotic stress (Seguel et al., 2012) . In other hand, GRSP produced by AM fungi will sequester Al 3+ over long time frames and this, together with Al accumulation in fungal structures as spores and hyphae, could provide an important Al tolerance mechanism (Aguilera et al., 2011; Seguel et al., 2013; 2015) . Considering that the different behavior of wheat cultivars grown in acidic soils could be related to response factors of AM symbiosis we hypothesized that the Al tolerance of Chilean wheat cultivars could be in part related to an early root colonization and the greatest response of these genotypes to form associations with native populations adapted to acidic conditions. For this reason, the aim of this work was to study the root colonization at six different growth stages and the AM fungal propagules density, P-ase activity and GRSP accumulation in three Chilean Al-tolerant wheat cultivars using 'Atlas 66' for comparison as a wellknown Al-tolerant wheat cultivar.
Materials and Methods
The soil used was an Andisol (Gorbea series, medial, mesic, Typic Dystrandept) collected to 20 cm depth.
The soil was air-dried, sieved through a 5 mm mesh, and 250 mL were filled into 300 mL plastic pots. Some characteristics of used soil are described in The plants were irrigated manually with distilled water as needed. Nitrogen (N) was supplied in two fractions, at establishment (30% total N) and at 6 weeks of cultivation (70% total N), for a total of 0.112 g N kg
soil, which represents a common fertilization rate.
Moreover, the soil was amended with 0.016 g P kg soil -1 as NaH 2 PO 4 and 0.063 g K kg soil -1 as KCl via a solution prior to establishment. For plant growth (root and shoot biomass) and root colonization six harvest stages were established at 11, 15, 21, 28, 45 and 60 days after sowing (DAS). On other hand, AM spores density, GRSP and P-ase activity were determined at 11 and 60 DAS. The experimental design was fully factorial, with four (4) wheat cultivars, six (6) harvest stages and four (4) replicates in each combination.
At each stage of harvest, the plants were separated into roots and shoots and dried at 65 °C in a forced-air oven for 48 h, and the dry root and shoot was weighed.
Before drying, a portion of the root was separated and AM colonization was measured. Root samples were gently washed under tap water, stained with trypan blue after boiling in 10% KOH and mycorrhizal colonization was determined using the gridline intersect method (Giovannetti and Mosse, 1980) . AM spores were collected from soils by wet sieving and decanting according to the methodology described by Sieverding (1991) . The total GRSP was determined using the extraction method described by Wright and Upadhyaya (1998) , with minor modifications. Protein content of the crude extract was determined using the Bradford assay (Bio Rad Protein Assay; Bio Rad Laboratories), with bovine serum albumin as the standard. Finally, acid phosphatase (P-ase) activity was determined by the p-nitrophenyl phosphate method according to Tabatabai and Bremner (1969) 
modified
by Rubio et al. (1990) for Andisols. Data were analyzed using a factorial analysis of variance (ANOVA) followed by Tukey-Kramer's LSD to identify significant differences between treatment means.
'Crac', 'Invento' and 'Otto' were surface-sterilized with 2% Cloramin-T solution for 3 min and rinsed thoroughly. Additionally, the gold-standard Al-tolerant wheat genotype 'Atlas 66' (Carver et al., 1993) In all cases, significance was established at P < 0.05. All statistical analyses were carried out using SPSS software v. 15.0 (SPSS, Inc., Chicago, IL).
Results and Discussion
The maintenance of plant growth under exposure to
Al may be the best indicator of Al tolerance in acid soils (Kochian et al., 2004) . In this study, root and shoot biomass were increased over time in the 4 genotypes (Table 2) . In this sense, at 11 DAS, 'Otto' had the highest plant biomass, showing significant differences with the other wheat cultivars in that harvest time (Table 2) . However, at 60 DAS the most important plant biomass increment was observed in 'Atlas 66' genotype (Table 2 ) reaching 81.7 and 174.9 mg plant -1 in root and shoot, respectively, showing its high adaptability to soils with great Al levels as Gorbea soil series. Table 2 . Root and shoot biomass production and arbuscular mycorrhiza root colonization in four wheat cultivars grown in an acidic soil with high Al levels at six plant growth stages (days after sowing -DAS-).
Means ± standard errors (n = 4) followed by different letter in a column are significantly different from each other by to orthogonal contrasts test (P <0.05). Significance conventions: * P < 0.05; ** P < 0.01; *** P < 0.001. (Pellet et al., 1996; Papernik et al., 2001) . It has been reported that more than one gene might contribute to
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Al tolerance in 'Atlas 66' (Tang et al., 2002; Ma et al., 2005) . In this sense, the analysis of gene expres- were not fully in agreement with this assumption and suggested that multi-gene mechanisms might be involved in wheat A1 tolerance (Pellet et al., 1996; Xiao et al., 2005; Ma et al., 2006) . Despite the above, some general Al tolerance mechanisms have been proposed for Chilean wheat cultivars, principally related to the role of AM fungi (Seguel et al., 2012; 2013) . In this sense, the root colonization plays an important role in the Al-tolerance of wheat cultivars grown in acidic soils. At 11 and 15 DAS, 'Crac', 'Invento' and 'Otto' had higher root colonization than 'Atlas 66' and the Chilean wheat genotypes were significantly different to foreign wheat ( Table 2 ). The fast AM colonization in some cultivars is probably due to the presence of more infective fungal structures and the difference in the architecture of the external mycelium (Hart and Reader, 2005; Castillo et al., 2012) . Different AM colonization levels in different genotypes can also be due to an increased Al tolerance across time by some cultivars that have a better adaptation to these conditions, or by the effect of different AM fungal species colonizing the plants. On the other hand, at 45 and 60 DAS the root colonization was similar between the four genotypes showing that AM fungal colonization is not inhibited by high Al saturation and that an early colonization could be key in this process (Seguel et al., 2012) .
In addition to early AM root colonization as an Altolerance response in some plants; spore germination, GRSP production and P-ase activity are affected when a plant is exposed to Al stress. Such differences can be a consequence of substantial genetic variation among and within AM fungi taxa (Avio et al., 2009) . In this study, the higher spore density was observed in 'Invento', which reached 271 and 260 spores 100 g soil showed the highest GRSP levels with 32.8 mg g -1 soil but the Chilean wheat cultivars can accumulate more than 6% of Al bound to GRSP (unpublished data).
This suggests that AM fungi confer a certain degree of Al tolerance to wheat related to the Al-binding capacity of GRSP, as has been reported (Aguilera et al., 2011; Seguel et al., 2013; 2015) .
In addition to direct effects of AM fungi in conferring Al tolerance by increased number of AM propagules or an improved nutritional status of host plant, the AM fungi play important roles through Al-P interactions (Marschner, 1995; Seguel et al., 2015) . In this sense, the exudation of organic acids (as malate/ citrate) or enzymes (as acid phosphatases) into the rhizosphere are key factors (Ciereszko et al., 2011) . , and P-ase activity (C) for four wheat cultivars grown in an acidic soil at 11 and 60 days after sowing -DAS-. Bars with different letters are significantly different by Tukey's HSD (Means ± standard errors, n = 4, ANOVA significance: * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001).
In our study, all wheat cultivars increased the P-ase activity overtime ( Figure 1C ) as response to high Al-levels in soil. At 60 DAS, 'Otto' and 'Invento'
showed the highest P-ase activity reaching 444 and 420 µg p-nitrofenol g -1 h -1 respectively. If we considered 'Atlas 66' as reference of Al-tolerant wheat cultivar and the importance of the release of acid phosphatases as an indirect mechanism of Al-tolerance in the rhizosphere by P desorption (Ciereszko et al., 2011) or by hydrolysis of the high organic P that these soils contain (Borie and Rubio, 2003) we can highlight the high Al tolerance of the Chilean wheat cultivars here studied ( Figure 1C ). It was observed that all cultivars essayed presented some root colonization degree at the first growth stage, suggesting a positive relationship between root mycorrhizal colonization and Al activity in the soil (Seguel et al., 2012) principally with some specific native ecotypes of AM fungi (Aguilera et al., 2014) .
In this sense, a significant relationship was obtained between AM colonization and root dry biomass (r = 0.71; P<0.001) (Figure 2A ). Other aspect to take into account is that one of the results of AM fungal adaptation to environmental stress conditions (as high Al or other metals levels) is the enhanced production of propagules, which could ensure root colonization in other plants or in further annual crops (Cornejo et al., 2007; Meier et al., 2015) . In this sense, a significant and negative relationship was observed between root biomass and AM spores density (r=-0.61; P<0.001)
showing that when the plant is more affected (less root biomass) the spores number is increased ( Figure   2B ). While Del Val et al. (1999) have shown that spores abundance is decreased by some stress factors as heavy metals, Rubio (1999) and Seguel et al. (2012; 2015) have demonstrated the ability of were influenced by wheat genotype/growth stages interaction (Table 2 ) and AM spores (P<0.001), GRSP (P<0.01) and P-ase activity (P<0.01) were affected by wheat cultivar. In this sense, the plant response of different wheat genotypes grown in acidic soils with high Al levels can be modulated by the presence of symbiotic AM fungi (Seguel et al., 2013; Aguilera et al., 2014) and such changes in plant-soil interactions vary according with AM fungi species and isolates.
Conclusions
High Al saturation in soil did not affect the growth of the four wheat cultivars grown in acidic soils. This performance was associated with an important degree of root colonization in the first phenological stages. In addition, the higher amounts of AM fungal propagules were observed in Chilean wheat cultivars, principally 'Crac' and 'Invento' showing the compatibility of these cultivars with native populations of AM fungi adapted to acidic conditions. On the other hand, spore number negatively correlated with root biomass, supporting the capacity of these cultivars to increase the sporulation and ability for sequester Al in their structure when the host plant grows in presence of Al-toxicity.
Finally, 'Atlas 66' showed its high adaptability to grow in acidic soils. However, the lesser root colonization observed at the first stages and lesser amounts of AM propagules suggest that this cultivar presents Al-tolerance mechanisms not fully associated to AM symbiosis as the Chilean wheat cultivars do.
